INTRODUCTION
IT has not often been possible to observe the spread or decline of individual genes in natural populations. Seasonal fluctuations in the proportions of various inherited characters have been observed by Timoféef-Ressovsky (1940) in Adalia, by Gershenson (i) in Cricetus, and by Dobzhansky 1948) , Dubinin and Tiniakov 1946) , and Carson and Stalker (i) in Drosophila. Changes in the frequency of genotypes over longer periods have been reported by Fisher and Ford (i') and Sheppard (1951a Sheppard ( , 1956 in Panaxia, by Kettlewell (1958) in Biston, by Komai (1956) in Harmonia, by Dobzhansky (1958) in Drosophila, and by Schnetter ('950) and Good.. hart (1956, 1958) in Cepaea. In most of these cases the action of natural selection has been inferred, but only in the studies on Panaxia has it been possible to obtain a precise estimate of the magnitude of the selective forces acting upon an individual Mendelian population. Allison (1954) has also made such an estimate in his studies of human sickle-cell polymorphism, but it was calculated for a static population.
In 1926, Captain C. Diver and the late Professor A. E. Boycott made very detailed and extensive collections from a large population (or series of contiguous populations) of the polymorphic land snail Cepaea nemoralis (L.) on the sand dunes at Berrow, in Somerset. Captain Diver has very kindly allowed us to make use of their data, which have never before been published. This has given us the unique opportunity of studying in detail the changes that have taken place in a natural population during a period of about eleven generations.
DESCRIPTION OF THE SAMPLING AREA
The sand dunes at Berrow run for three miles south from the village of Brean towards Burnham-on-Sea. The dunes border directly on mud flats that stretch about two miles out to sea at low tide. At Brean, and for about a mile and a half south of it, the dunes arc covered by caravan sites, holiday camps and bungalows. 2F 445 The collections described in this paper were taken in an area between Berrow Church (National Grid Reference ST 293524) and a point about two thousand yards north of it. The width of the dunes (east to west) varies from about three hundred yards in the northern part of this area to about six hundred yards in the south. In the southern part of the area, the dips between the sandhills are occupied by the greens and fairways of the Burnham Golf Course.
The dunes can be divided into a number of components. There is a sea ridge of mobile or semi-mobile dunes which are quite low, rarely exceeding fifteen feet in height. Behind this, to the east, there is a long dip or series of slacks. To the east of the dip there is the main ridge of more stable dunes, some of which are sixty feet or more in height. Beyond the main ridge are more slacks bordering the coast road. On the other side of the road are houses and low-lying fields.
In the southern part of the area, the slacks east and west of the main ridge are occupied by the short cultivated turf of the golf course.
The sea ridge is mainly moving sand, partly covered by marram grass (Ammophila arenaria L.). In some places, however, there are patches of short turf and clumps of Iris foetidissima L.
The main ridge is largely covered by short turf; with some marram, and a scattering of other plants, including Senecio, Ranunculus, Trjfolium, Lotus, Rubus, Cynoglossum, Hedera, Oenothera, Taraxacum, and clumps of Iris foetidissima. Large areas of the main ridge have become overgrown with dense patches of sea-buckthorn (Hippophaê rhamnoides L.). Some of the hollows between the dunes are damp. Rushes (Juncus sp.) and horsetails (Equisetum sp.) occur within them. The flora at Berrow has been described in detail by Boley (ipij. Cepaea nemoralis is common almost everywhere on the main ridge except in the dense patches of sea-buckthorn. The snails are particularly numerous in and around clumps of Iris. A single clump, two or three feet in diameter, may contain as many as a hundred snails.
Boycott and Diver reported that the sea-ridge was completely bare of C. nemoralis. We have found, however, that there are a number of flourishing colonies, particularly in the more stable parts. It seems likely that they have become established since ,926.
In addition to C. nemoralis, the snail fauna of the dunes includes Helix aspersa MULL. which is extremely common, and Helicella virgata (da Costa), Helicella caperata (Montagu), and Cochlicella acuta (MULL.) which are sparsely distributed. Cepaea hortensis (MULL.) occurs along the edge of the coast road, but does not extend on to the dunes.
The existence of many broken shells shows that both C. nemoralis and H. aspersa are frequently attacked by birds and small mammals. Rabbits seem to be common throughout the area, and song-thrushes (Turdus ericetorum Turton) are often seen, particularly in the patches of buckthorn.
METHODS (i) Mapping
Figure i is a sketch map .of the area drawn to scale from the Ordnance Survey 25 in. map. The collecting places are marked in black, and are also drawn to scale. Those bearing the prefix D are localities previously sampled by Boycott and Diver. Those prefixed B are new localities sampled only by us.
Boycott and Diver recorded their samples with careful descriptions of the places from which they were taken, and also marked them upon a 6 in. map. We have established the position of our samples in a similar manner and, in addition, we have pinpointed them by taking bearings on fixed points with a prismatic compass. In the course of this work it became apparent that the Ordnance Survey map was inaccurate, presumably because some of the dunes have changed their positions since it was made. This disturbing fact made it necessary for us to completely resurvey the whole area. When we had made our map, we found that part of the area had also been resurveyed by the Somerset County Council.
There were negligible differences between the two maps.
It has now been possible to establish, with a reasonable degree of accuracy, the position of most of Boycott and Diver's collections. We believe that in most cases the error is not greater than fifteen yards.
(ii) Sampling Random samples of C. nemoralis were collected during i and i 960 from forty localities, twenty of which had previously been sampled by Boycott and Diver.
Eight localities studied by the earlier workers were not sampled by us, either because they had become overgrown with buckthorn, or because snails were otherwise scarce. During sampling each collecting area was searched carefully to avoid taking too high a proportion of snails that were obvious to the eye.
(iii) Scoring of samples The snails were scored for age (mature or immature), condition, colour and banding according to the criteria given by Sheppard (1950, 1954) and Clarke (1960) . There is one way in which these collections differ remarkably from those described by Cain and Sheppard. A number of the samples contain shells that are very pale yellowish-brown in colour, usually with a darker brown apex. They are quite distinct from the normal dark brown forms of nemoralis, which also occur at Berrow, and they have been recorded as a separate class (" Pale Browns ").
Each of us (J.M. and B.C.) scored the samples independently, and then compared our results. Apart from some simple errors of counting the differences were slight. There was none in the scoring of 00000,00300 or dark browns. In a few samples, however, we differed in distinguishing between some of the pinks and pale browns. In one sample (B 30) the difference of scoring amounted to 6 per cent, of the total number of snails scored, in four samples (B i, D 26, B 26, B 27 ) it was about 35 per cent., in one (D 48) about 25 per cent., and in two (B 29, D 31) about i. per cent. Because of these differences, pinks and pale browns have been grouped together for detailed analysis.
In only two samples (B 29, B 7) were there any differences in the scoring of yellow shells (o5 per cent. and 25 per cent, respectively). In B 29 the difference was due to one shell, which was doubtfully yellow or pale brown. In B 7 two shells were doubtfully yellow or pink, having been scorched in a brush fire.
There were considerable differences in the scoring of 10345 (as distinct from 12345). These were due to the occurrence, in many shells, of very faint traces of the second band on the upper whorls when it was absent on the lower ones. The frequencies of 10345 have not been analysed in detail. Table i records the phenotypes of the 12,658 live adult snails collected at Berrow (7030 by Boycott and Diver, 5628 by us). Details of the phenotypes of young snails, and of dead shells, will be reported in a later publication. In table i, the collecting localities are arranged in geographical order, from north to south. Successive samples from the same locality are arranged in chronological order. The classification of phenotypes (vertical columns) is straightforward except for the columns marked 00345*. The figures in these columns refer not only to 00345 but also to 00045 and 00005. In the table, pale and interrupted bands are not distinguished from the normal full bands.
RESULTS
At a number of localities, our samples differ significantly from those taken by Boycott and Diver. An overall comparison of the two sets ofsamples shows that these differences are too great to be the result of random errors in sampling (p<oooi, for both colour and 1)anding). At eight localities (B , B 28, B D 24, B 44, B 45, D and D 54) we ourselves have taken more than one sample. The sum of for differences between our successive samples is not significant for colour (X2io 5o9, p<o9), but is significant for banding (X2io I924, p<oo5). The latter high value of x2 is almost entirely due to one locality (B 45), which contributes one degree of freedom and ioi to the value of the x2. It also makes the largest contribution (i 53 with one degree of freedom) to the heterogeneity x2 for colour.
B 45 is not one of the localities sampled by Boycott and Diver, and its position was not accurately determined at the time of the first collection. It seems likely that the second collection was not taken from exactly the same place as the first. If B 4 is excluded, there is no evidence of heterogeneity between successive samples, either in colour or banding.
Boycott and Diver did not score fusions of bands but we have recorded them. Once again, our samples from B 45 are significantly different (p<oooi), but if this locality is excluded there is no further evidence of heterogeneity.
Figures 2-6 record the distributions of various phenotypes in the samples collected at Berrow. On each figure, the left-hand diagram shows the percentages in samples collected by Boycott and Diver, and the right-hand diagram shows the percentages in our samples.
All the frequencies are rounded off to the nearest percent except those less than one per cent. Figure 2 shows the percentages of yellow shells. In both series of samples there is evidence of a dine in these percentages from north to south. The north part of the area shows lower frequencies (20-60 per cent.) of yellows. In the centre of the area there is a region where the frequencies exceed 90 per cent. South of this the frequencies are again slightly lower. Figure 3 shows the percentages of pink shells, which may be subject to errors due to confusion with pale browns (see above). It seems clear, however, that there are morph-ratio dines which are opposite in sense to those displayed by the frequencies of yellows. Figure 4 shows the percentages of brown shells (dark browns). Once again there is evidence of morph-ratio dines. In this case there are higher frequencies in the southern part of the area which fall off to zero in the north. There is also evidence of an overall decrease in the frequency of dark browns between 1926 and 1960 (see p.450 
00 00 0 0 00 00 00000 0 0 Figure 5 shows the distribution of single-banded forms (00300). Because the genes for dark brown shell colour and for the unbanded condition (ooooo) are both known to interact with the gene for 00300 (Lamotte, i4; Cain and Sheppard, '957; Cain, King and Sheppard,  Fio. 2.-Cepaea nemoralis at Berrow, Somerset. The percentages of yellow shells at various localities in 1926 (diagram on the left) and in 1959-60 (diagram on the right). There are obvious morph-ratio dines at both times. In this figure, and the following ones, the proportions are recorded to the nearest per cent., except when they are less than one per cent. Brackets indicate samples of less than 30 shells.
1960) it was considered best to express the frequency of this form at any locality as a percentage of the total number of banded yellows, pinks and pale browns. The figure shows that there is a slight increase in the frequency of 00300 from north to south. There is also evidence of an overall increase in the proportions of 00300 between 1926 and 1960 (see below). Figure 6 gives the distribution of unbanded shells (ooooo regions roughly correspond with areas where the frequency of brown shells is relatively high (see figure 4).
DISCUSSION
Figures 4 and 5 suggest that the frequencies of 00300 and dark browns have changed, over the whole area, between 1926 and 1960. Twenty localities were sampled at both times. Of these, eighteen show an increase in the proportion of oo3oo, and two show a decrease. This can hardly be accidental (p<oox). The changes are shown graphically on figure 7. The hatched columns indicate the frequency of 00300 in 1926, the solid black columns give its frequency in 1959-60. It can be seen that at many localities the changes are large. The inheritance of the 00300 and dark brown varieties is known.. Both are controlled by single dominant genes, which are inherited in a simple Mendelian fashion (Lamotte, 1954; Cain and Sheppard, 1957; Cain, King and Sheppard, 1960) . They are not linked. Their happened among our samples at locality B 45), but they would not be expected to produce differences that were consistent in direction. Disparities between the methods of sampling used by the earlier workers and those used by us might conceivably be responsible for (ii) Previous experience has shown that samples collected from the same place by different workers (over a short period of time) do not differ significantly from each other (Clarke, 1960 (Clarke, , 1962 .
(iii) At most localities the collecting was done either on short turf, where all phenotypes are quite obvious, or else in clumps of Iris, where many of the snails were detected by touch. (v) Samples from thrush-stones and collections of dead shells, many of which were bleached, differed only slightly from samples of live snails taken from the same locality (Clarke and Murray, in preparation) .
These points also argue against any suggestion that the populations have changed as a direct result of the sampling by Boycott and Diver. We have detected no consistent differences, at the present day, between localities sampled by the earlier workers and those sampled only by us. Sedlmair (1956) has reported that various phenotypes of Cepaea do not behave identically under particular environmental conditions. This state of affairs could give rise to the observed differences only if the environmental conditions during 1959 and 1960 consistently favoured patterns of behaviour that were different from those obtaining in 1926. Since our samples were taken on several occasions spread over two years, and under diverse conditions of weather, temperature and humidity, this explanation seems most unlikely. Points (i) to (v) above also argue against it. The possibility remains that the differences were the result of random genetic drift (Wright 1940 (Wright , 1955 , rather than of natural selection. It can be discounted. Random drift would be expected to have its most obvious effects in small isolated populations, but it would not be expected to give rise, in a series of such populations, to differences that were consistent in direction. The snails in the collecting area cannot be regarded as a single panmictic Mendelian population because of the heavy morph-ratio dines that occur within it. Lamotte (,i) has calculated that the panmictic unit in Cepaea is not more than fifty yards in diameter. Our own observations on movements of C. nemoralis at Berrow support Lamotte's conclusions (Clarke and Murray, in preparation) . Even where no physical barriers exist, the average annual movement of individual snails seems to be less than twenty yards. The number of snails at Berrow is very large indeed. Boycott and Diver collected 7030 live adults, and we collected 5628. The collecting places occupy less than one fifteenth of the total area surveyed. It is very unlikely that our samples ever constituted as much as o per cent. of the populations sampled. If only a quarter of the total area were habitable to snails, these figures would give an estimated total population of about 42,000 adult individuals. It is very probably a gross underestimate.
It cannot be argued that the observed differences between ,926 and 1959-60 are due to a catastrophic decline in the numbers of Cepaea followed by repopulation, since the broad pattern of morph-ratio dines has persisted virtually unchanged. It seems necessary to conclude that the changes are results of the action of natural selection. It may be profitable to consider the nature of the selective forces that have brought them about. 2G
Two sorts of natural selection are known to influence the distribution of phenotypes in populations of Cepaea. The work of Cain and Sheppard (to, 1954) , Sheppard (i95ib) and Clarke (1960, 1q62) has indicated that visual selection by predators, particularly thrushes, is important in determining the proportions of various phenotypes. These studies have also suggested that non-visual selective forces are operating. Boettger Sedlmair (1956) and Lamotte (i) have reported differences in survival between various phenotypes of Cepaea under adverse conditions of temperature and humidity. Either or both of these mechanisms may be responsible for the changes in phenotype frequency at Berrow, but the ultimate cause must be some systematic change in the environment.
The most obvious environmental changes that have taken place since 1926 are firstly, the dvergrowth of sea buckthorn and secondly, the general stabilisation of the dunes. The first change has certainly affected the distribution and abundance of snails, but may not have directly influenced the overall frequencies of phenotypes, since snails become scarce in the areas of buckthorn. The spread of these shrubs, however, may have allowed an increase in the number of song-thrushes, to which they afford shelter and protection, and consequently may have intensified the action of visual selection upon the snails.
The second change, less clear than the first, has involved the replacement of marram by other grasses and herbs. It is most obvious on parts of the sea-ridge, where it seems to have produced a greener and more uniform background. The phenotypes whose selective values are most likely to have been improved by such a change of background are yellow and "effectively unbanded" shells Sheppard, 1950, 1954) . The latter category includes all shells that have the upper two bands missing (i.e. 00300, 00345, 00045 as well as 00000). Thus the decline of browns and the increase of 00300 may both be due, at least in part, to this change. We have direct evidence of visual selection against the dark brown phenotype at Berrow (Clarke and Murray, in preparation) .
An interpretation in terms of visual selection is supported by two further observations. Fifteen of the twenty localities show the 00345* phenotype, and in ten of them the proportion of this form has increased since 1926. Again, if the frequency of yellow shells is considered apart from the frequency of dark browns (in other words, if the proportion of yellows is calculated as a percentage of the total number of yellows, pinks and pale browns) it is found that fourteen out of the twenty localities show an increase of this form. The unbanded phenotype, on the other hand, is so rare throughout the area that a relatively large change in its frequency would not be detectable.
A number of observations suggest, as might be expected, that visual selection by predators is not the only kind of natural selection acting to influence the proportions of phenotypes at Berrow. The morphratio dines recorded on figures 2-5 cannot easily be correlated with any evident differences in background. The southern part of the area, for instance, where dark browns are most common, is not obviously darker than the northern part.
The dines might conceivably be due to an incomplete mixture of several accidentally distinct populations. If this were so, they would be expected to break down over a period of time. The speed of the breakdown would depend upon the average mobility of the snails.
There is, however, no obvious sign of a "levelling-out" of phenotypefrequencies since 1926. Such a tendency to uniformity should give rise to negative correlations, from place to place, between the frequencies of individual varieties and the changes of frequency that have taken place. No such negative correlations have been found, in spite of the fact that the proportions of some phenotypes change drastically over very short distances (a hundred yards or less, see figures 2-6). We hope to examine this problem in greater detail when we know more about the movements of individual snails.
Another observation suggests the action of non-visual selection. If the frequency of yellow shells is expressed as a percentage of the total number of yellows, pinks and pale browns, it is independent of the frequency of dark browns. The relation between the two proportions can then be examined by normar statistical methods. If visual selection alone were operating, we would expect a negative correlation between them, since yellow shells would be at a disadvantage against backgrounds where dark browns were favoured (and vice-versa) . In fact, there is a slight positive correlation (not significant) between them.
It should be possible to estimate the magnitude of the selective forces necessary to bring about the changes observed at Berrow. This problem will be considered in a forthcoming paper (Clarke and Murray, in preparation).
CONCLUSIONS
We have shown that the proportions of at least two phenotypes (00300 and dark brown) have changed drastically and significantly between 1926 and the present day , and that these changes are almost certainly the result of natural selection. There is evidence that visual and non-visual selection have been acting simultaneously. From the data presented in this paper it should be possible to estimate the magnitude of these natural selective forces.
This study provides further evidence against the hypothesis that the distribution of genotypes in Cepaea is largely determined by random genetic drift (Lamotte, 1951 (Lamotte, , 1959 Van Valen, i6i . A comparison of the two series of samples showed consistent and significant differences, particularly in the frequencies of two phenotypes (single-banded shells (00300) and dark brown shells). 4. The overall proportion of single-banded shells has doubled since 1926. The overall proportion of dark brown shells has very nearly halved. 5. Possible causes of the differences are discussed, and it is concluded that they are the results of natural selection. It is likely that visual and non-visual selection have been acting simultaneously.
6. The data presented in this paper will allow an estimate of the magnitude of natural selective forces acting on individual Mendelian populations (Clarke and Murray, in preparation) .
